The geminal frustrated Lewis pair tBu 2 PCH 2 B(Fxyl) 2 (1;F xyl = 3,5-(CF 3 ) 2 C 6 H 3 )i sa ccessiblei n6 5% yield from tBu 2 PCH 2 Li and (Fxyl) 2 BF.A ccording to NMR spectroscopy and X-ray crystallography, 1 is monomeric both in solution and in the solid state. The intramolecular P···Bd istance of 2.900(5) a nd the full planarityo ft he borane site exclude any significant P/B interaction. Compound 1 readily activates ab road variety of substrates including H 2 ,E tMe 2 SiH, CO 2 / CS 2 ,P h 2 CO, and H 3 CCN. Te rminal alkynes react with heteroly-sis of the CÀHb ond. Haloboranes give cyclic adducts with strong PÀBX 3 and weakR 3 BÀXb onds. Unprecedented transformationsl eading to zwitterionic XP/BCX 3 adducts occur on treatment of 1 with CCl 4 or CBr 4 in Et 2 O. In less polar solvents (C 6 H 6 , n-pentane), XP/BCX 3 adduct formation is accompanied by the generation of significant amountso fX P/BX adducts.F LP 1 catalyzes the hydrogenation of PhCH=NtBu and the hydrosilylation of Ph 2 CO with EtMe 2 SiH.
Introduction
Sterically demanding main group Lewis acids and bases that are unable to neutralize each other through adduct formation (frustrated Lewis pairs, FLPs) can still act synergistically on at hird molecule and thereby exhibit reactivity commonlya ssociated with transitionm etal complexes( e.g.,H 2 activation). [1] [2] [3] [4] [5] [6] [7] To date,c ombinations of suitable organophosphines and organoboranes have been by far the most popular FLPs. Adjustment of their chemical behavior is possible through variation of the substituent patterns and/or the bridging unit between the reactive centers. Af requently employed substituent on boron is the C 6 F 5 ring;t he phosphine fragments often carry tert-butyl or mesityl groups. Multiple bimolecular (i.e.,u nbridged) FLPs do exist and are synthetically more conveniently accessiblet han their monomolecular (i.e.,b ridged) congeners. [1] [2] [3] [4] [5] [6] [7] However,t he preorganization of Lewis acidic and basic sites that is achievable through the introduction of al inker can significantly aid in the fine-tuning of FLP reactivity,a nd thus makes the additional synthetic effort worthwhile. For example, Erker and co-workerss tudied as eries of compounds R 2 P(CH 2 ) n B(C 6 F 5 ) 2 (n = 2-4) and found the ethylene-and butylene-bridged species to be active FLPs (e.g.,f or H 2 cleavage), whereas the propylene derivative showedn oi ndication of typical FLP activity. [8] [9] [10] [11] [12] [13] [14] Methylene-bridged P/B pairs differ fundamentally from the abovementioned C 2 -, C 3 -, and C 4 -linked compounds, because ao ne-atoms pacerl eads to less conformational flexibility of the molecular scaffold and thus to aw ell-defined P···Bd istance.M oreover,t he degree of intramolecular P/B interaction shouldb es mall, because formation of aP ÀB s bond would result in as trained three-membered ring and, in contrastt o phosphinoboranes (C 0 species), [15, 16] P=B p donation is not possible. Thus, in ag eminal P/B FLP,t he two reactive sites should be perfectly preoriented for small-molecule activation.
Our initial attempts at the synthesis of af irst geminal P/B FLP relied on the nucleophilic substitution of EtOB(C 6 F 5 ) 2 with tBu 2 PCH 2 Li. [17] However,the successful formation of the methylene bridge was accompanied by ac yclization reaction, during which the phosphorus atom displaced an ortho-fluorine atom of one of the C 6 F 5 groups. Theo btained zwitterionic five-membered heterocycle A is no longeranFLP (Scheme 1). [17] [18] [19] Shortly thereafter,E rker et al. used the hydroboration of (C 6 F 5 ) 2 PCH= CHMe and (C 6 F 5 ) 2 PCCMe with HB(C 6 F 5 ) 2 to make (C 6 F 5 ) 2 PCH(Et)B(C 6 F 5 ) 2 and (C 6 F 5 ) 2 PC(=C(H)Me)B(C 6 F 5 ) 2 ,r espec-tively. [20, 21] These geminal FLPs did not undergo the undesired cyclization reaction, likely because the nucleophilicities of the phosphorus atoms are tamed by their electron-withdrawing C 6 F 5 substituents. In an alternative approach, Slootweg, Lammertsma, andc o-workers avoided cyclization by employing ClBPh 2 instead of EtOB(C 6 F 5 ) 2 ,t herebys ynthesizing tBu 2 PCH 2 BPh 2 . [22, 23] Even though the above PÀCÀBL ewis pairs provedt ob ec apable of activating av ariety of small molecules, we still remained interested in the development of geminal FLPs featuring strongly Lewis acidic and strongly Lewis basic centers. Bearing in mind that the Gutmann acceptor number of B[3,5-(CF 3 ) 2 C 6 H 3 ] 3 (B(Fxyl) 3 )i sc omparable to that of B(C 6 F 5 ) 3 , [24] we first developed facile routes to the borane building blocks XB(Fxyl) 2 (X = H, MeO, F, Cl, Br) [25] and now report the synthesis of tBu 2 PCH 2 B(Fxyl) 2 (1;S cheme 2). We further show that 1 is highly reactivet oward ab road selection of substrates commonly employed in FLP chemistry.M oreover,u nprecedented transformationsw ere observed on treatment of 1 with CX 4 (X = Cl, Br). Depending on the solvent employed, we isolated either the adduct tBu 2 P(X)CH 2 B(CX 3 )(Fxyl) 2 or its formal dihalocarbene-elimination product tBu 2 P(X)CH 2 B(X)(Fxyl) 2 .
Results and Discussion
Synthesis of the geminal FLP tBu 2 PCH 2 B(Fxyl) 2 (1) Using the protocol published by Slootweg, Lammertsma et al. [22] as aguideline, we first tried to prepare tBu 2 PCH 2 B(Fxyl) 2 (1)b yt reatment of tBu 2 PCH 2 Li [26, 27] with (Fxyl) 2 BCl. [25] Unfortunately,t he reactiong ave ac omplex mixture of inseparable products;the same result was obtained with (Fxyl) 2 BBr as starting material. We therefore switched from tBu 2 PCH 2 Li to the less nucleophilic tBu 2 PCH 2 Sn(nBu) 3 (Scheme 2). Even though the reactionw ith (Fxyl) 2 BBr wasa gainn ot selective,w ew ere able to isolate af ew single crystalso f2,t he cyclic adduct be-tween our target compound 1 and one equivalent of the borane reactant. We next tested the complementary approach, that is, the combinationo ftBu 2 PCH 2 Li with the less electrophilic borane (Fxyl) 2 BOMe. [25] This reaction furnished 1 as the main product, albeit in the form of its LiOMe adduct 3 (Scheme2). Additiono fM e 3 SiCl to aC 6 D 6 solution of 3 led to decomposition rather than to the liberation of free 1.( Fxyl) 2 BF [25] is as imilarly mild electrophile to (Fxyl) 2 BOMe,but LiF has an exceptionally high lattice energy.T hus, the synthesis of the desired FLP 1 was finally achieved from tBu 2 PCH 2 Li and (Fxyl) 2 BF in 65 % yield (Scheme 2).
The presence of aP CH 2 Bb ackbone in compound 1 is confirmed by ad oublet at 2.08 ppm (2 H; 2 J(H,P) = 3.1 Hz) in the 1 HNMR spectrum with 1 H-13 CH MBC cross-peaks to the signals of the C(CH 3 ) 3 groups at Pa nd the B-aryl ipso-carbon atoms. Moreover,t he CH 2 13 Cr esonancei ss ignificantly broadened due to the interaction of the Ca tom with the quadrupolar 11 B nucleus. The triorganoborane [28] and -phosphine [29] moieties give rise to resonancesa td( 11 B) = 63 ppm and d( 31 P) = 25.9 ppm, in accord with an FLP nature of the compound. Correspondingly,t he crystal lattice of 1 contains monomeric molecules with intramolecular P···Bd istances of 2.900(5) ( Figure 1 ). For comparison, the calculated molecular structures of tBu 2 PCH 2 B(C 6 F 5 ) 2 in its ring-opened and ring-closed forms show P···Bd istances of 2.89 and 2.04 , respectively. [22] The measured P1-C1-B1 angle of 1 is 114.9(3)8,a nd the sum of angles aboutt he Bc enter is 359.88.A ny significant s interaction between Pa nd Bs hould lead to compression of the P1-C1-B1 angle from the ideal value of 107.58 and to pyramidalization of the Ba tom, which is not observed in the present case.
As af irst test of the reactivity of 1,w ea ttempted the targeted syntheses of 2 and 3.S ingle crystalso ft he bromoborane Scheme2.Reactions performed with the aim to synthesize the geminal P/B FLP 1.i )n-Heptane,1 6h,r oom temperature;i i) C 6 D 6 ,16h,roomtemperature;iii)C 6 H 6 ,1 6h,r oom temperature;i v) n-heptane/C 6 H 6 ,3h, roomtemperature. (6);P1 ···B1 (intramolecular) 2.900(5),P1···B1 (intermolecular) 7.918(5);P1-C1-B1 114.9(3), C1-B1-C11121.5(4),C 1-B1-C211 19.5(4), C11-B1-C21 118.8(4).
Chem.E ur.J.2016, 22,3478-3484 www.chemeurj.org adduct 2 (85 %) grew after equimolar solutions of 1 (in n-heptane) and (Fxyl) 2 BBr (in C 6 H 6 )h ad been slowly combined at room temperature. The air-sensitive compound provedt ob e insoluble in common inert NMR solvents (for the NMR data of ac orresponding BBr 3 adduct of 1,s ee compound 12 b below). However,t he constitution of 2 was unequivocally confirmed by X-ray crystallography (see the Supporting Information for more details).
The addition of solid MeOLit oas olution of 1 in C 6 D 6 furnished small amounts of 3 (NMR spectroscopic monitoring). The low conversion is probably due to solubility issues. The 11 BNMR spectrum of 3 is characterized by ar esonance at 1.5 ppm, typical of tetracoordinate boron species. [28] In C 6 D 6 , the 31 P{ 1 H} NMR signal of 3 appears as a1 :1:1:1 quartet with ac hemical shift of 22.3 ppm. The quartet collapses to as inglet on additiono fT HF or H 3 CCN to the sample. We therefore attribute the resonance fine structure in neat C 6 D 6 to 31 P-7 Li coupling ( 1 J = 88 Hz) and thus to contact ion pairs, which are separated in the presenceo fc oordinating solventm olecules. A cyclic contact ion pair in which the Li + ion is chelated by the P atom and the BOMe moietyi sa lso observed in the solid-state structureo f3 (see the SupportingI nformation form ore details).
Reactionsof1with selectedsubstrates
For at horough assessment of its chemical behavior,c ompound 1 wastreated with 14 different reagents (Scheme3).
The standard FLP substrate, H 2 ,r eactedi nt he usual manner [2, 3] with activation of the HÀHb ond (< 1atm, room temperature). Product 4 is characterized by a 31 PNMR resonance at 60.1 ppm ( 1 J(P,H) = 444 Hz) and an 11 BNMR signal at À10.8 ppm ( 1 J(B,H) = 88 Hz). The 1 HNMR spectrum shows ad oublet of triplets for the PH proton( 4.08 ppm), due to coupling with the 31 Pn ucleusa nd the CH 2 bridge protons. The BH proton gives rise to the expected 1:1:1:1q uartet at 2.99 ppm. H 2 addition is not reversibleu pt oatemperature of 120 8C. Nevertheless, the imine PhCH=NtBu can be hydrogenated quantitatively in the presence of catalytic amounts of 4 already at 80 8C( p(H 2 ) < 1atm, 20 mol %c atalyst loading;s ee ref. [10] for related P/B FLP-mediated hydrogenation reactions).
Unlike H 2 ,E tMe 2 SiH adds to 1 in ar eversible manner at room temperature in C 6 D 12 solution (the sterically more de-mandingE t 3 SiH does not react at all). According to NMR spectroscopy,t he association/dissociation equilibrium shifts toward quantitative formation of the SiÀHa ctivation product 5 only if excess EtMe 2 SiH is supplied (approximately 10 equiv). The NMR spectra of 5 are consistentw ith the presence of ah ydridoborate ion (d( 11 B) = À13.2 ppm; 1 J(B,H) = 82 Hz) and as ilylphosphonium ion( d( 29 Si) = 10.6 ppm; 1 J(Si,P) = 40 Hz). Further proof of the proposed molecular structure was gained by X-ray crystallography (see the Supporting Information for more details). In contrast to its behavior in solution, crystalline 5 does not tend to lose silane at room temperature, even under dynamic vacuum. Under hydrolytic conditions, the silane adduct 5 cleanly transforms into the H 2 adduct 4.
Scheme3.Reactions of 1 with selected substrates. i) Reversible at room temperature. ii)Dynamica ssociation/dissociatione quilibrium in solution. iii)Et 2 O, room temperature. iv) C 6 H 6 or n-pentane, room temperature.
The reactionb etween 1 and CO 2 ,a nother standard FLP substrate, takes as imilar course to the reaction between tBu 2 PCH 2 BPh 2 and CO 2 . [22] An almost-planar,f ive-membered, air-and moisture-stable heterocycle with an exocyclic C=O double bond is formed (6) . The corresponding 13 CNMR signal appearsa t1 68.3 ppm, in good agreement with the shift reported for the literature-knowns ystem mentioned above (167.8 ppm). An analogouss tructure to 6 is obtained from 1 and CS 2 (7) . Compound 7 has ar ed-purple color,c haracteristic of phosphine-CS 2 adducts. [30] [31] [32] CS 2 activationb yP /B Lewis pairs is far less common than CO 2 activation, andt he only known examples are the addition of CS 2 to tBu 2 PNBtmp (Htmp = 2,2,6,6-tetramethylpiperidine) [33] and Et 2 PC(Ph)= C(nBu)B(nBu 2 ). [34] Whereasa ldehydes have already been reported to react with P/B FLPs, [12, 35, 36] the Ph 2 CO adduct 8 is ar are example of an activatedk etone. In ar elatedc ase, Ph 2 CO undergoes a[ 2 + +2] cycloaddition with the phosphinoborane tBu 2 PBFlu (HBFlu = 9-borafluorene). The primary product then undergoes heterolytic cleavage of the PÀBb ond to furnish tBu 2 PCPh 2 OBFlu. [16] The room-temperature 1 HNMR spectrum of 8 shows poorly resolved phenyl resonances. Steric repulsion between the Ph and tBu substituents likely restricts intramolecular motion and/orc auses an association/dissociation equilibrium between FLP 1,t he ketone, and 8.T oc larify this point, we also recorded NMR spectra of 8 at elevated temperatures. The 31 PNMR signal (84.4 ppm) becames everely broadened at 50 8C and completely vanisheda t8 08C; similarly,t he 11 BNMR resonance of 8 (4.9 ppm) was no longer detectable in the hightemperature spectrum.B oth signals reappeared when the sample was cooled backt or oom temperature. Moreover,t he colorless solution of 8 adopts the yellow color of free 1 on heating, but becomes colorlessa gain on cooling. Adduct formation of the FLP with Ph 2 CO is thus ar eversible dynamic process. Accordingly,compound 8 is hydrolyzed much more readily than compound 6.A samajor hydrolysis product, we identified tBu 2 P(H)CH 2 B[OB(Fxyl) 2 ](Fxyl) 2 by X-ray crystallography and NMR spectroscopy (see the Supporting Information for more details). This speciesi sf ormally derived from( Fxyl) 2 BOH by OÀHa ddition to 1.
Geminal FLP 1 efficiently catalyzes the hydrosilylation of Ph 2 CO with EtMe 2 SiH (12 mol %c atalystl oading, room temperature, 30 min, C 6 D 6 ). [37] Note that 1 not only interacts with Ph 2 CO, but also with EtMe 2 SiH (cf. 5), the other reagent of the hydrosilylation sequence.
FLP 1 not only traps compounds containing aC =Ob ond, but also adds to the CNb ond of H 3 CCN to give the fivemembered cyclic compound 9.T he only comparable example of aP /B-mediated H 3 CCN activation was described by Nçth and co-workers,w ho again used the species tBu 2 PNBtmp. At room temperature, they observed kinetically controlled formation of the imine fragment PC(CH 3 )=NB. On thermalt reatment, the imine tautomerized to the thermodynamically preferred enamineP C(=CH 2 )N(H)B. [33] In the case of 9,w ef ound ap roton resonance at 1.88 ppm (d, 3 J(H,P) = 4.9 Hz) with an integral of 3H,a ssignablet oaCH 3 group. The corresponding 13 CNMR signal was observeda t2 6.5 ppm (d, 2 J(C,P) = 47 Hz). The mo-lecular structure of 9 in the solid state shows an endocyclic CÀ Nd istance of 1.258 (10) and an exocyclic CÀCd istance of 1.505(10),w hich are typical values of C=Nb onds [38] and C(sp 2 )ÀC(sp 3 )s ingle bonds, [39] respectively.W et herefore conclude that 9 is the imine rather than the enamine tautomer.I n contrastt ot he adduct of Nçth et al., 9 is thermally stable up to 120 8C.
Reactions of P/B FLPs with terminal alkynes are governedb y the basicity of the phosphine:F LPs containing less basic phosphines tend to add to the CCb ond, whereas the use of strongly basic phosphines (e.g., tBu 3 P) resultsi nd eprotonation of the alkyne to give phosphonium alkynylborate salts. [40] Accordingly, 1 cleaves the terminal CÀHb onds of Me 3 SiCCH and PhCCH with generation of 10 a and 10 b,r espectively.P hosphine protonation is evidenced by doubletso fm ultiplets at about 53 ppm in the 31 PNMR spectra with 1 J(P,H) coupling constantso f4 50 Hz.T he corresponding 1 Hr esonances appear at about 5ppm as doubletso ft riplets ( 1 J(H,P) = 450 Hz, 3 J(H,H) = 4.5 Hz). 11 BNMR signals are observed at À14.5 ppm. As af urther characteristic, the BCCs ignals are broadened beyondd etection in the 13 C{ 1 H} NMR spectrum. A 1 H-13 C HMBC experiment, however,r evealed chemical shifts of 131.9 ppm (10 a)a nd 109.8 ppm (10 b). The proposed molecular structures of 10 a and 10 b were furtherc orroboratedb yXray crystallography (see the Supporting Information).
Stephan and co-workers trapped N 2 Ow ith ab imolecular P/B FLP to obtain tBu 3 PN=NOB(C 6 F 5 ) 3 . [41] Although kinetically stable, the compound loses N 2 with formation of the phosphine oxide adduct tBu 3 P=OB(C 6 F 5 ) 3 on photolysis or heating to 135 8C. In contrast, the intramolecular phosphine oxide adduct 11 was already generated when an n-pentane solution of 1 was stored under N 2 Oa t48Ci nt he dark. The 11 BNMR resonanceo f11 appearsa t7 .5 ppm and thus in the typical shift range of tetracoordinate boron nuclei. [28] Comparedt ot he 31 P{ 1 H} NMR resonance of 1 (25.9 ppm), the signal of 11 is shifted to lower field (113.1 ppm). In the solids tate, 11 has aP =O bond length of 1.576(2) a nd aB ÀOb ond length of 1.612 (3) . Both these bonds are significantly longer than those of the relatedi ntramolecular adduct tBu 2 P(m-O)(m-C 6 H 4 )B(C 6 F 5 ) 2 featuring af ive-membered heterocycle (P=O 1.546(2), BÀO1 .550 (2) ). [42] The serendipitous finding of the (Fxyl) 2 BBr adduct 2 drew our attention to the possibility of trappingB Cl 3 and BBr 3 ,t oo. Previously Uhl and co-workersp repared cyclic adducts between BX 3 (X = F, Cl, Br,I )a nd the P/Al FLP Mes 2 PC[=C(H)Ph]-AltBu 2 .
[23a] Interestingly,t he productsw ith X = Fa nd Cl proved to be thermally stable and could be stored at room temperature, whereas the adducts with X = Br and Id ecomposed above 0 8C. [23a] In the case of FLP 1,b oth the BCl 3 adduct 12 a and the BBr 3 adduct 12 b are isolable under ambient conditions. We did not observe any signs of substituent scrambling between the two Ba toms of 12 a or 12 b.B X 3 bindingr esults in downfield shifts of the 31 PNMR resonances from 25.9 ppm in free 1 to 39.4 and 38.6 ppm in 12 a and 12 b,r espectively (broadened 1:1:1:1q uartets). In turn, the FLP 11 BNMR signals experience an upfield shift from 63 ppm (1)t o3 5ppm (12 a) or 34 ppm (12 b), attributable to ac ertain degree of intramo-lecular XÀBc oordination. Likely due to magnetic anisotropy effects, [28] the 11 BNMR chemical shifts of the trihalogenated boron atoms differ by as much as 17.4 ppm between 12 a (7.2 ppm, 1 J(B,P) = 150 Hz) and 12 b (À10.2 ppm, 1 J(B,P) = 140 Hz). Adducts 12 a and 12 b both crystallize from n-alkanes in the monoclinic space group P2 1 /c (see Figure 2f or ap lot of the molecular structure of 12 b). The PÀBX 3 bond lengths of 12 a and 12 b are identical (2.002(2) versus 2.000(6) ). In each molecule, the B1ÀXd istance is remarkably longert han the B2ÀXd istance (12 a:B 1 ÀCl1 2.361(3), B2ÀCl1 1.925(2) ; 12 b:B 1 ÀBr1 2.408(7), B2ÀBr1 2.093(6) ). By the same token, the B1 atoms are much less pyramidalized than the corresponding trihalogenated B2 atoms [sums of angles around boron: 12 a:3 528 (B1), 3288 (B2); 12 b:3 508 (B1), 3268 (B2)]. We therefore conclude that 12 a and 12 b are essentially phosphine adducts of BCl 3 and BBr 3 with additional weak interactions between the FLP Bc enters and the bridging halogen atoms.
Combinations of Lewis acids andb ases (usually AlCl 3 with amines)a re known to facilitate the electrophilic borylation of arenes by boron halides. These reactions can be performed with ab road variety of aromatic compounds and most often involveb orenium salts, such as [Cl 2 B(amine)] + [AlCl 4 ] À ,a st he actual borylating agents. [43] [44] [45] [46] [47] [48] [49] [50] On thermalt reatment, the BX 3 adducts 12 a and 12 b could conceivably undergo BÀXh eterolysis with formation of borenium species tBu 2 P(BX 2 + )-CH 2 (X À )B(Fxyl) 2 .W et herefore examined the reactivity of 12 b toward electron-rich o-xylene in C 6 D 6 .A ccording to NMR spectroscopy, no conversion occurred at 60 8C( 4h)o r1 00 8C( 1h). Maintaining at emperature of 100 8Cf or 16 hl ed to quantitative decomposition of the FLP scaffold, while o-xylene remained inert. We attribute this result to one of the following factors:1 )Phosphine-supported boreniumc ations [51, 52] may be less active borylating agents than their amine-supported congeners.2 )Due to the high fluorophilicityo fb orenium electrophiles, the presence of CF 3 groups in the FLP could effect unwanted side reactions. Indeed, the thermolized sample gave rise to ap rominentb road 11 BNMR signal at 24 ppm, which lies in as imilar range to the 11 Br esonances of FBBr 2 (30 ppm) and F 2 BBr (20 ppm). [28] 3) As discussed above, the interaction between the (Fxyl) 2 Bm oiety and the BBr 3 bromine atom in 12 b may be too weak to induce BÀBr bond heterolysis.
FLP 1 was unable to heterolytically cleave the BÀXb ond of BX 3 and form ap hosphine-coordinated borenium/haloborate ion pair.Y et, 1 readily splits the CÀBr bond of PhCH 2 Br to afford the benzylphosphonium bromoborate zwitterion 13. The 11 BNMR signal of compound 13 (À0.9 ppm) appears at considerably higher field relative to the corresponding resonance of 12 b (34 ppm). Accordingly,t he BÀBr bond length of 13 (2.16 (2) ) is shorter by 0.25 t han the B1···Br1 distance in 12 b.
Compared to the latter conversion, which took the expected course, the outcome of the reactionb etween 1 andC Br 4 is less predictable. Given the considerable stability of the [CBr 3 ] À ion, [53, 54] abstraction of Br + from CBr 4 by the phosphine site (cf. the Corey-Fuchs reaction [55] )a nd immediate trapping of [CBr 3 ] À by the boron centero ffers ac onceivablea lternative to the tribromomethylation of the phosphorus atom. Therefore, we finally investigated the behavior of 1 toward CBr 4 and also included CCl 4 in our study (cf. the Appel reaction [56] ). Addition of CX 4 (X = Cl, Br) to 1 in Et 2 Oindeed provided the CÀX-activated species 14 a and 14 b,f eaturing halophosphonium ions in combination with trihalomethanide-coordinated borona toms. Single crystals were grown at 4 8C( 14 a)o rr oom temperature (14 b ). Both compounds are remarkably stable at room temperature in the solid state and in ethereal solutions; even in undried THF,t hey are not hydrolyzed. Moreover,t hey do not undergo rearrangementr eactions, such as the Mattesonh omologation. [57] NMR spectra were recorded in [D 8 ]THF.The 31 Pchemical shifts of 14 a (129.0 ppm) and 14 b (122.3 ppm) are similar, although the molecules contain different halogens ubstituents. The 11 BNMR resonancesa ppear in the typical region of tetracoordinate boron nuclei, that is, À4.8 ppm (14 a)a nd À4.1 ppm (14 b). The CX 3 carbon atoms attached to boron are not detectable in the 1D 13 C{ 1 H} NMR spectrum, likely due to quadrupolarb roadening. Their chemical shifts weret herefore determined from cross-peaks with the CH 2 proton signals in 1 H-13 CH MBC NMR spectra. We found values of 113.7 (14 a) and 76.2 ppm (14 b), whicha re intermediate between those of LiCX 3 [146 ppm (Cl);1 01 ppm (Br)] on the one hand andH CX 3 [80 ppm (Cl);1 4ppm (Br)] on the other. [54] These NMR features nicely reflect the factt hat the covalent character of the BÀC bonds lies between those of LiÀCa nd HÀCb onds.
Compounds 14 a and 14 b are isostructural in the solid state. Thus, only the molecular structure of 14 b is discussed here (Figure 3 the same lengths. The CBr 3 fragment is fully pyramidalized with BrÀC10ÀBr bond angles ranging between 104.8(2) and 105.6(2)8.
The addition of CX 4 to 1 in Et 2 Og ives 14 a or 14 b as the sole products. Yet, less polar solvents, such as C 6 H 6 and n-pentane, effect ad ifferent result:a longside each CX 4 adduct, as econd speciesi sg enerated in an approximatelye quimolar quantity.T hese compounds were identified as the formal X 2 adducts 15 a (X = Cl) and 15 b (X = Br) by NMR spectroscopy and X-ray crystallography (we notei nt his contextt hat attempts to synthesize 15 b directly from 1 and Br 2 failed). Compounds 15 a and 15 b are likely formed because dihalocarbene extrusionfrom [CX 3 ] À successfully competes with boron coordination of the anion under theseconditions.
The differences in the 1D NMR spectra of 15 a/15 b compared to 14 a/14 b are surprisingly small and therefore not very diagnostic. More information regarding the chemical constitution of 15 a and 15 b can be gained from the 2D NMR spectra: the 1 H-13 CH MBC cross-peaks observed between the CH 2 proton signals and the CX 3 carbon resonances in the cases of 14 a and 14 b are absent in the spectra of 15 a and 15 b.D efinite proof for the postulated structures of 15 a and 15 b stems from X-ray crystallography,w hich clearly identified the two compounds as formal Cl 2 and Br 2 adducts.A si nt he cases of 14 a and 14 b,t he molecular structures of 15 a and 15 b are rather similar,a nd we therefore restrict ourselves to the discussion of that of 15 b (Figure 4 ; see the Supporting Information for more details of that of 15 a). As expected, the P1ÀBr2 bond length of 15 b (2.167 (2) ) is virtually the same as that of 14 b (2.174(1) ). In turn, the B1ÀBr1 bond length (2.135(8) ) agrees with that of 13 (2.16 (2) ). Br1 and Br2 approache ach other rather closely,s uch that the Br1···Br2 distance (3.581(1) ) becomes shortert han the sum of the van der Waals radiioft wo Br atoms (3.8 ) . [38] Finally,w enote that 15 b was also obtained (albeit in low yields) from the reactionb etween 1 and HCBr 3 in n-pentane, whereas 1 did not activate H 2 CBr 2 ,H CCl 3 ,o rH 2 CCl 2 (in n-pentane or in the respective neathalomethane).
Conclusion
The length of the bridging unit in am onomolecular FLP greatly influences the chemical behavior.T he bridge governs the conformational flexibility of the FLP scaffold, the ring size of transition states during small-molecule activation,a nd the charges eparation and dipole moment in the activationp roducts. Thus, geminal FLPs should be particularly reactive, but only af ew examples have been reportedu ntil now.E specially the combination of highly Lewis acidic boranes and highly basic phosphines in methylene-bridged P/B FLPs is synthetically challenging: commonly used C 6 F 5 boranes readily undergo o-F substitution by the phosphine to form zwitterionic fivemembered rings containing tetracoordinate Ba nd Pa toms.
Recently,t he (Fxyl) 2 B( Fxyl = 3,5-(CF 3 ) 2 C 6 H 3 )b uildingb lock becamea vailablea sa na lternative to the (C 6 F 5 ) 2 Bm oiety.T his granted us access to the geminal FLP tBu 2 PCH 2 B(Fxyl) 2 (1), which features as trongL ewis base and as trong Lewis acid. Compound 1 does not show any indications of P···Binteraction in solutiono ri nt he solid state and can therefore be regarded as ag enuine FLP.W eh ave shown that 1 readily reacts with all standard FLP substrates, including H 2 ,E tMe 2 SiH, CO 2 /CS 2 , Ph 2 CO, and H 3 CCN. Most importantly, 1 activates certain alkyl halides, such as CCl 4 ,C Br 4 ,a nd HCBr 3 ,t hrough heterolysis of the CÀXb onds. In this way,u nprecedented X 3 Cb orates were isolated and structurally characterized. We are currently investigating the suitability of such X 3 Cb orates for the introduction of X 3 Cs ubstituents into organic molecules through Suzukitype CÀCcoupling reactions. 
